INTRODUCTION
Metal halide perovskites have stirred researchers' great interests in the photovoltaic field and achieved rapid development in the recent decade due to the high absorption coefficient, tunable band gaps, long carrier diffusion length, and low trap density [1] [2] [3] [4] [5] [6] . Perovskite solar cells (PSCs), as the star candidates of photovoltaic devices, have realized a power conversion efficiency (PCE) up to 22.7%, comparable with conventional CdTe or CIGS analogues [7] . The solution processability of perovskites contributes to low-cost fabricating and potential industrial application of PSCs.
Titanium dioxide (TiO 2 ) has been widely employed as the electron transport layer (ETL) in both the mesoporous and the planar n-i-p PSCs architectures, since it owns proper conduction band (CB) and electron mobility, which are responsible for effective electron injection and transport [8] [9] [10] [11] . However, high-quality TiO 2 films are always sintered at a high temperature over 450°C, which limits the low-temperature fabricating for lower cost and the compatibility with flexible substrates. Besides, the charge accumulation at the TiO 2 /perovskite interface is apt to aggravate the hysteresis [12] [13] [14] [15] . Moreover, the generated holes in TiO 2 under ultraviolet would cause severe degradation of perovskites, leading to the decay of photovoltaic performances [16] [17] [18] . Recently, tin oxide (SnO 2 ) has been exploited as an efficient ETL due to its high optical transmittance, superior mobility (100 times over that of TiO 2 ), low-temperature (<200°C) processing and strong resistance to ultraviolet light [19, 20] . Atomic layer deposited SnO 2 was once utilized by Anders Hagfeldt's group to fabricate efficient planar n-i-p devices, but the cost for the atomic layer deposition was disadvantageous for commercial application [21] . Most reported solution processes for SnO 2 preparation employed organic sols [22, 23] , purchased nanoparticles dilutions [24] , or SnCl 4 /SnCl 2 ·2H 2 O precursors [20, 25, 26] , which were operated under 150°C-200°C. In our recent work, we explored a sol-gel route for fabricating crystallized SnO 2 ETL below 80°C, which significantly advanced the low temperature fabrication of PSCs and the development of flexible photovoltaic devices [27] . Elemental doping in semiconducting metal oxide was found to efficiently improve the electronic properties [28] , reduce the trap-state density [29] , as well as modify the CB position [30, 31] . Herein, we for the first time doped Nb 5+ into the low-temperature SnO 2 sol-gel route (under 100°C) due to the close ionic radius of Nb 5+ to Sn 4+ , to tailor the electrical property of SnO 2 layers and the band alignment between SnO 2 and the normally used mixed perovskites for further improvement in charge injection and transport. It was previously reported that Nb-doping could be realized by adding niobium ethoxide or niobium chloride in the SnCl 2 ·2H 2 O solution, followed by a high annealing temperature (~190°C) for the crystallization of SnO 2 [32, 33] . In our work, Nb-doped SnO 2 was crystallized with the refluxing (at 78°C) and aging process (at 40°C), and the temperature of the whole fabrication process was under 100°C, which would reduce the fabrication consumption and show potential application in the flexible devices. The results revealed that proper Nb 5+ doping improved the conductivity of SnO 2 ETL, and modified the CB level, which facilitated the electron injection from perovskite CB to SnO 2 , accelerated the charge transport, and reduced the nonradiative recombination, leading to improved PCE from 18.06% to 19.38%. Through Nb 5+ doping in the lowtemperature processed SnO 2 , we realized high-efficiency PSCs fabricated at a temperature lower than 100°C, which provided an efficient route for promoting the commercialization progress of PSCs. ) by stirring at 60°C for 2 h.
EXPERIMENTAL SECTION

Materials
Perovskite solar cells fabrication
Fluorine-tin-oxide (FTO) glasses were etched with zinc powder and 1.0 mol L −1 HCl to obtain the electrode pattern, and then washed with deionized water, ethanol (99.7%, Sinopharm), acetone (99.5%, Beijing Shiji) and isopropanol (99.7%, Sinopharm) sequentially. To prepare SnO 2 ETLs, the SnO 2 sol or doped SnO 2 sol was spin coated on FTO at 2,000 rpm for 30 s, and heated at 100°C for 1.5 h. Then, the as-deposited ETLs were treated with UV-ozone for 30 min. Afterward, 60 μL of the perovskite precursor solution was spin coated on the FTO/ETL substrates followed by a two-stage spin coating process (1,000 rpm for 10 s and 6,000 rpm for 30 s). During the second spin coating stage, 100 µL of chlorobenzene was poured on the spinning substrate at 5 s prior the end of the program. Finally, the substrates were annealed at 100°C for 40 min. The hole transport layer (HTL) was deposited atop the perovskite films by spin coating the precursor at 3,000 rpm for 30 s, which was prepared by dissolving 72.3 mg Spiro-OMeTAD, 29 μL TBP 17.5 μL Li-TFSI acetonitrile solution (520 mg mL −1 ) into 1 mL chlorobenzene. 250 μL titanium (IV) isopropoxide was mixed with 2 mL ethanol and 34 μL hydrochloric acid (2 mol L −1 ) to prepare the TiO 2 precursor solution. Then, the precursor solution was spin coated on FTO substrates at 2,000 rpm for 30 s, and heated at 500°C for 1 h to prepared the TiO 2 ETL. For the TiO 2 -based device, the perovskite and HTL layers were fabricated as the same as the SnO 2 -based devices. Finally, a 60 nm Au electrode was thermally evaporated under high vacuum (<10 −4 Pa). The active area of the device was 0.16 cm 2 , defined by the aperture area of the mask.
Characterizations
Ultraviolet photoelectron spectroscopy (UPS) characterizations were performed by monochromatized HeI radiation at 21.2 eV. The morphologies and microstructures were performed by a field-emission scanning electron microscope (FE-SEM, JEOL JSM-7401F).
Transmission electron microscopy (TEM) analysis was carried out on a JEOL JEM-2100F microscope. The crystal structure and phase of the materials were characterized using a Bruker D8 ADVANCE X-ray diffractometer (XRD). The SnO 2 XRD samples were prepared through drying the SnO 2 gel in a watch glass at 50°C for 6 h in the air, then peeled off as powders. The steady-state photoluminescence spectra were measured through an F-7000 FL Spectrophotometer by exciting samples using a laser at 460 nm with repetition rates at 10 MHz. The spectrophotometer (Hitachi, Ltd., U-3900) was utilized to measure the absorption and transmission spectra of the perovskite films and ETLs. X-ray photoelectron spectroscopy (XPS) was performed by an XPS system (ULVAC-PHI, PHI Qantera SXM). The currentvoltage (J-V) characteristics of the devices were measured using a Keithley 2400 digital source meter with the scan speed of 100 mV s −1 under Oriel Solar AAA solar simulators with AM 1.5G, and the devices were covered with a 0.096 cm 2 mask on it. Electrochemical impedance spectroscopy (EIS) spectra were measured with an electrochemical workstation (Zennium Zahner, Germany). The incident photon-to-electron conversion efficiency (IPCE) spectra were measured by a setup consisting of a xenon light source, a monochromator and a potentiostat. The steady-state output and PCE measurements of photovoltaic devices were carried out using a Keithley 2400 digital source meter under a certain bias.
RESULTS AND DISCUSSION
We successfully synthesized SnO 2 nanocrystals by the refluxing and aging process, which was confirmed by the TEM characterization, with a diameter around 2 nm and d-spacing around 0.34 nm (Fig. S1) , very close to the results of our previous work [27] . The Nb-doping of SnO 2 was performed by simply adding niobium ethoxide into the SnO 2 collosol, as described in the experimental section. Firstly, we investigated the existence and states of elements in the pristine SnO 2 and doped SnO 2 films by XPS spectra. As illustrated in Fig. 1 , the peaks around 494.5 and 486.1 eV were corresponding to the binding energy of Sn 3d 3/2 and 3d 5/2 , respectively, which indicated the formation of typical Sn 4+ [34] . The appearance of the peak at 530.3 eV proved the oxygen state as O 2− . Moreover, we detected additional peaks at 208.8 and 207.0 eV in the doped SnO 2 films, which were attributed to the binding energy of Nb 3d 3/2 and 3d 5/2 , respectively, demonstrating the successful doping of Nb 5+ in SnO 2 films [35] [36] [37] . SEM images of SnO 2 /doped SnO 2 films were carried out to study the morphological change by Nb 5+ -doping. As shown in Fig. 2a , the doped-SnO 2 films showed densely packed distribution, similar to the pristine SnO 2 films. XRD patterns were further carried out to illustrate the crystallinity of SnO 2 before and after Nb 5+ -doping. In Fig. 2b , the peaks around 26.5°, 34.0°and 51.9°were corresponding to the (110), (101) and (211) diffraction planes of tetragonal rutile SnO 2 (JCPDS 21-1250), respectively [38] . With the doping of Nb 5+ , the peak slightly shifted to lower 2θ values, which indicated the lattice shrinkage due to the slightly larger radius of Nb 5+ compared to Sn 4+ [32] . Subsequently, the optical transmittance of the pristine SnO 2 and doped SnO 2 films was carefully studied since the light transmittance of the ETL could directly influence the light absorption of the top perovskite light absorber. . . . . . . . . . . . . . . . . . . . . . . . . . . . . higher than that of the FTO/SnO 2 and FTO/Nb-doped SnO 2 substrates, which increased the light reflection and reduced the transmitting probability of light. With SnO 2 or doped SnO 2 on top of FTO, the surface roughness was significantly reduced from 30.25 to 20.00 and 19.97 nm, respectively, which decreased the loss of incident light by reflectance, as proved by the reflectance spectra, further enhancing the light harvesting of the perovskite absorber on top of SnO 2 or doped SnO 2 . Based on the excellent transmittance property, the Nb 5+ -doped SnO 2 could serve as a superior anti-reflection layer, which could decrease the optical loss and facilitate the improvement of light harvesting efficiency. Besides, we studied the morphology and crystallinity of the mixed perovskite films on different SnO 2 substrates, which could influence the exciton generation and charge transport process. Fig. S3 provided the top-view SEM images of perovskite films, which illustrated uniform and smooth morphologies both before and after the elemental doping in SnO 2 substrates. The asprepared perovskites showed excellent optical property with absorption up to 780 nm (Fig. S4a) , and XRD patterns (Fig. S4b) proved the formation of typical cubic perovskites structure with good crystallinity [39] , which also manifested that the Nb 5+ doping process showed negligible effect on the light absorption and crystallinity of the perovskite absorber.
Based on the as-prepared SnO 2 /doped SnO 2 films, we fabricated devices with a common architecture FTO/SnO 2 (~20 nm)/(FAPbI 3 ) 0.85 (MAPbBr 3 ) 0. 15 (~700 nm)/SpiroOMeTAD (~200 nm), as illustrated in the insert image of Fig. 3a and Fig. S5 . J-V curves were measured at a scanning rate of 100 mV s -1 under AM 1.5G illumination. The statistic performance parameters were summarized in Table S1 . The PCE value of the derived devices reached a champion efficiency of 19.38% with 1% Nb 5+ doping. The corresponding best-performed J-V curves of undoped-SnO 2 devices and doped-SnO 2 devices were illustrated in Fig. 3a . With the PCE increased from 18.06% to 19.38%, the J SC increased from 22.02 to 22.72 mA cm −2 , the V OC increased from 1.16 to 1.18 V, and the fill factor (FF) increased from 0.71 to 0.73. The corresponding photocurrent integrated from the IPCE spectra (Fig. 3b) was improved from 21.18 to 21.89 mA cm −2 , in accordance with the J-V curves. Moreover, the statistic performance parameters in Table S1 reflected good reproducibility of as-fabricated devices.
Since the Nb 5+ -doping process showed negligible effect on the morphology, absorption and crystallinity of perovskites, we inferred that the doping mainly influenced the charge injection and transport process. To give further investigation on the improved device performance, we gained deep study on the charge injection and transport process by analyzing the electrical property of as-prepared SnO 2 films, as well as the band alignment at the perovskite/SnO 2 interface, which might be influenced by the Nb 5+ doping in SnO 2 . Firstly, we tested the linear ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   176 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . , respectively.
The significant increase of conductivity could accelerate the charge transport in the SnO 2 ETL and reduce the probability of non-radiative recombination [36, 41] . Subsequently, the bandgap of SnO 2 with and without Nb 5+ doping was measured by UV-vis spectra. As shown in Fig.  4b , the bandgap of the doped SnO 2 calculated from the derived Kubelka-Munk spectra was 4.13 eV, as same as the pristine SnO 2 film, which was in accordance with the previous report [27] . The low-level Nb doping process illustrated unchanged bandgap in comparison with the pristine SnO 2 film. UPS spectra were further performed to study the energy levels of SnO 2 before and after the Nb 5+ doping, as illustrated in Fig. 4c . The calculated energy levels of the valence band (E V ) and the conduction band (E C ) were summarized in Table S2 . Both E V and E C shifted to lower values with the Nb 5+ doping. As shown in Fig.  4d , the E C of doped SnO 2 shifted from −4.19 to −4.25 eV, which approached the E C of the mixed perovskite (−4.28 eV). The satisfactory down-shift of the dopedSnO 2 E C decreased the charge injection barrier from perovskite E C to the SnO 2 E C , which could dynamically facilitate the charge injection process and reduce the undesirable accumulation of photogenerated charges at the perovskite/SnO 2 interface [21] .
As illustrated in the steady-state photoluminescence (PL) spectra (Fig. 5a) , compared with the pristine SnO 2 , the PL quenching was obviously accelerated for the doped SnO 2 , which might be attributed to the lower injection barrier from perovskite to the doped SnO 2 . EIS measurements were conducted in the dark to further determine the mechanism of the electron transfer in fabricated devices. As shown in Fig. 5b , we fitted the Nyquist plot according to the built equivalent circuit, in which the R s , R rec and C rec represented the series resistance, the recombination resistance and the corresponding capacity, respectively. The fitted results were summarized in Table S3 , in which the R s was reduced from 96.74 to 74.35 Ω, and R rec showed an increase trend from 1,150 to 1,879 Ω after the Nb 5+ doping in SnO 2 , demonstrating the decreased charge transport resistance and reduced recombination in the fabricated devices. The retarded recombination was also manifested by the lower dark current density as illustrated in Fig. S6 , which indicated that the Nb 5+ doping in SnO 2 could reduce the energy loss caused by the non-radiative recombination, resulting in the enhanced FF and V OC [42, 43] . Thus, we concluded two aspects responsible for the enhanced devices performance. On the one hand, the improved conductivity of SnO 2 by the Nb 5+ doping accelerated the electron transport in the SnO 2 ETL. On the other hand, the down-shift of E V decreased the electron injection barrier from perovskite to SnO 2 . Both the two aspects facilitated the electron extraction, reduced the undesirable accumulation of photogenerated charges at the perovskite/SnO 2 interface, and further retarded the nonradiative recombination, leading to the promotion of J SC , FF and V OC of the derived devices. We further investigated the hysteresis phenomenon of as-fabricated devices. As illustrated in Fig. S7 and Table S4 , the hysteresis ratio, defined as (PCE reverse -PCE forward )/PCE reverse , was decreased by doping 0.5% and 1% Nb in SnO 2 , which was probably attributed to the accelerated charge injection and transport in the ETL, resulting in the decreased charge accumulation at perovskite/SnO 2 interface [36, 41] . The photo-stability of PSCs was also studied under ultraviolet light with intensity of 80 mW cm −2 (Fig. S8) . Compared with the TiO 2 -based PSCs, the SnO 2 -based devices showed much improved stability under the UV light due to the UV-resistant property of the SnO 2 ETL, which could impair the photo-catalyzed degradation of perovskites.
CONCLUSION
To conclude, we performed Nb 5+ doping in the lowtemperature (<100°C) processed SnO 2 ETL by simply incorporating niobium ethoxide in the SnO 2 collosol. The characterization of the electrical property of the Nb 5+ -doped SnO 2 indicated that the conductivity of SnO 2 ETL was significantly increased, and the E C shifted from −4.19 to −4.25 eV, which approached the E C of the mixed perovskite (−4.28 eV) and reduced the electron injection barrier from perovskite to the SnO 2 ETL. The accelerated electron injection and transport resulted in the retarded ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   178 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
